indicate that microglial distribution and morphology demonstrate regional specialization in the retina, correlating with gradients of other retinal cell types. As microglia are innate immune cells implicated in age-related macular diseases, age-related microglial changes may be related to the increased vulnerability of the aged macula to immunerelated neurodegeneration.
Introduction
Microglial cells constitute the principal resident innate immune cell in the central nervous system (CNS) and have been implicated in various functional and pathogenic roles across an animal's lifespan from early development to late senescence (Tay et al. 2016) . In addition to performing immune functions, microglia play important roles in guiding normal neuronal development (Frost and Schafer 2016) and maintaining healthy physiological function of the adult CNS (Eyo and Wu 2013) . In pathological situations, microglia, either from a loss of endogenous function or from the acquisition of inappropriate functions, are thought to contribute to the onset and/or the progression of CNS disease, particularly in the aged CNS (Perry and Holmes 2014; von Bernhardi et al. 2015) . From these associations, microglia have been proposed as candidate cellular targets for therapeutic intervention for neurodegenerative diseases (McGeer and McGeer 2015) .
In the retina, microglia have similarly been implicated as playing significant roles in preserving constitutive retinal function under healthy conditions (Wang et al. 2016; Li et al. 2015) , as well as contributing to the progression of Abstract Microglia, the principal resident immune cell in the retina, play constitutive roles in immune surveillance and synapse maintenance, and are also associated with retinal disease, including those occurring in the macula. Perspectives on retinal microglia function have derived largely from rodent models and how these relate to the macula-bearing primate retina is unclear. In this study, we examined microglial distribution and cellular morphology in the adult rhesus macaque retina, and performed comparative characterizations in three retinal locations along the center-to-periphery axis (parafoveal, macular, and the peripheral retina). We found that microglia density peaked in the parafoveal retina and decreased in the peripheral retina. Individual microglial morphology reflected macular specialization, with macular microglia demonstrating the largest and most complex dendritic arbors relative to other retinal locations. Comparing retinal microglia between young and middle-aged animals, microglial density increased in the macular, but not in the peripheral retina with age, while microglial morphology across all locations remained relatively unchanged. Our findings Electronic supplementary material The online version of this article (doi:10.1007/s00429-017-1370-x) contains supplementary material, which is available to authorized users.
retinal disease in pathological conditions (Karlstetter et al. 2015) . In the healthy adult retina, microglia are present as horizontally ramified cells that have a tiled distribution in the inner retina and with their processes concentrated in the inner and outer plexiform layers (Boycott and Hopkins 1981; Vrabec 1970) . These microglial processes demonstrate rapid, constitutive, surveying movements in the retina (Lee et al. 2008 ) which have been implicated in functions of immune surveillance and synapse maintenance (Hristovska and Pascual 2015) . In retinal injury and disease, microglia demonstrate overt migrations towards sites of injury (Ng and Streilein 2001; Thanos 1992) , interacting with other retinal neurons and glia to influence the overall disease outcome (Zhao et al. 2015) . These microglial phenotypes in health and disease have been found to change significantly with aging Ma et al. 2013) , indicating that aging changes in microglia may contribute to agerelated retinal diseases . Consistent with these observations, microglia can be localized to sites of pathology in a number of inflammatory and degenerative retinal diseases, including macular diseases with an aging component, such as age-related macular degeneration (AMD) and diabetic macular edema (Madeira et al. 2015) .
As studies on retinal microglia have been in large part performed in rodent models lacking a macula, less is directly known about how retinal microglia participate in macular diseases. How microglial cells are distributed and organized in the primate macula and whether these cells demonstrate that particular specializations depending on their spatial position in the retina have not been addressed in detail. Characterization of these features can shed light on microglial functions in the specialized region of the macula and provide insight into how microglial dysfunction in the macula can participate in macular disorders. The question of whether and how microglia in the macula change with aging can also relate to how the aging macula becomes more vulnerable to degenerative processes.
In the current study, we performed a detailed and quantitative characterization of microglia in rhesus macaque (Macaca mulatta) retina. We investigated and compared how microglia varied in their distributions in separate retinal layers as a function of retinal position in the foveal region, the outer macular region, and the peripheral retina. Using quantitative three-dimensional morphometric analyses, we examined whether graded alterations in microglial morphology exist in separate retinal loci ranging from the foveal region to the peripheral retina. To elucidate how these microglial specializations may undergo change in the aging macula, we performed comparisons of the above measures between young vs. aged macaque retina. Together, these observations provide a foundation for the understanding of the innate immune system in the primate macula. They also reflect how microglial physiology and function may be adapted to the specializations in the macula and raise hypotheses on potential immune vulnerabilities that may occur there.
Methods

Isolation of retinal tissue
Eye tissue from three young female adult (4.2-5.5 years, equivalent to human age 13-17 years) and four middleaged (16.8-18.2 years, equivalent to human age 50-55 years, using the general approximation of 3:1 ratio for human:rhesus age) female rhesus macaque (Macaca mulatta) primates was obtained from the Wisconsin National Primate Research Center of the University of Wisconsin-Madison. All experimental methods and techniques adhered to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the University of Wisconsin-Madison animal care and use committee. The animals were euthanized by the initial anesthesia with intramuscular injection of ketamine (10 mg/kg) followed by an overdose of intravenous pentobarbital starting at 50 mg/kg. The animals were enucleated promptly following euthanasia. The anterior segments of isolated globes were removed and remaining posterior segments were fixed in 4% paraformaldehyde at 4 °C for 2 days and then stored in 0.1-M phosphate buffer at 4 °C. For isolation of retinal tissue, posterior segments were visualized under a dissecting microscope and circular retinal tissue specimens obtained using a tissue punch (Acu-punch biopsy punch, Acuderm) at the following retinal locations: (1) fovea (3-mm-diameter punch centered on the fovea center), (2) outer macular region (2-mm-diameter punch with its center positioned 2.5 mm temporal from the foveal center), and (3) peripheral extramacular region (2-mm-diameter punch with its center positioned 9-10 mm from the foveal center in the temporal quadrant). Retinal tissue specimens were obtained from eight eyes of three young and four middle-aged animals; one sample from each of the three retinal locations was obtained from each eye.
Immunohistochemical analysis
A subset of tissue specimens was embedded in 7% agarose (Sigma) and 100-µm-thick retinal sections were prepared using a vibrating microtome (VT1000S, Leica). The remaining retinal tissue punches were processed as retinal flat-mounts. Immunohistochemical analyses were performed on flat-mounted and sectioned tissue with the following primary antibodies: rabbit anti-ionized calcium-binding adaptor molecule 1 (Iba1) Iba1 (Wako, #019-19741, 1:500), a protein specifically expressed by microglia among CNS cells in multiple species, including the non-human primate (Schmidt et al. 2016; Barkholt et al. 2012; Tonchev et al. 2003) ; and the cone-specific monoclonal antibody, 7G6, which recognizes cone arrestin in primates (a gift from Dr. Peter MacLeish, Morehouse School of Medicine, Atlanta, GA; 1:100) (Wikler et al. 1997; Zhang et al. 2003) . Retinal tissue was also stained with 4′,6-diamidino-2-phenylindole (DAPI; 1:1000; Invitrogen) to mark the retinal nuclear layers and with Isolectin-B4 (IB4) conjugated to AlexaFluor 568 (1:50, Life Technologies), to mark retinal blood vessels. Retinal sections were processed by blocking overnight in 0.1-M phosphate-buffered saline (PBS) containing 7% normal goat serum, 0.5% Triton-X-100, and 0.1% sodium azide. Sections were incubated in PBS with Triton-X containing primary antibodies and 2% normal goat serum at 4 °C overnight, and washed in 1× PBS with Triton-X overnight. Samples were then incubated with secondary antibodies overnight at 4 °C and washed in PBS with Triton-X overnight. Retinal flat-mount specimens were blocked similarly and incubated with primary antibody and 2% normal goat serum at 4 °C for 12-14 days. Samples were rinsed overnight and incubated with secondary antibody at 4 °C for 7 days before washing overnight in PBS with Triton-X.
Confocal imaging of retinal samples
Following immunolabeling, retinal tissue samples were mounted on glass slides and imaged using confocal microscopy. For retinal sections, multi-plane z-series were collected using a 20× objective with each section spaced 1 µm apart to z-depths ranging from 48 to 85 µm (Zeiss LSM 700). For retinal flat-mounted specimens, multiplane z-series at 20× magnification ranging from the inner surface of the retina to the outer nuclear layer (z-step of 1-1.5 µm, total z-depth of 54-100 µm) were collected as overlapping imaging fields covering the entire retina punch specimen (Zeiss LSM 780, 880) . These image stacks were subsequently processed using the Stitching function in the Zeiss software system (Version 11.0.3.190) to form a single stack of images subtending the whole specimen.
Image analysis
Microglia and cone cell densities were obtained by performing manual cell counts in 20× magnification multiplane z-series of flat-mounted retinal specimens using image processing software (ImageJ, NIH). Image analyses were performed within 3-4 regions of interest (or imaging fields) measuring 525 by 525 µm and extending across the thickness of the retina that were well spaced across each retinal tissue punch specimen. Microglial counts were obtained separately in the ganglion cell layer (GCL), inner plexiform layer (IPL), and outer plexiform layer (OPL) of each imaging field. Three-dimensional morphological analyses of microglia were performed using computer-assisted segmentation of microglial processes (Filament Tracer module and the Convex Hull feature, Imaris software). Morphological parameters quantitated were: (1) prolate ellipticity (a measure of elongation in the bounding contour surface surrounding a single microglial dendritic field), (2) total number of branching points in a microglial dendritic field, (3) total dendritic process length in a microglial cell, and (4) mean volume occupied per cell (the three-dimensional volume subtended by a single microglial dendritic field).
Statistical analysis
All data were analyzed using statistical software (GraphPad Prism Software, Version 6.0.1). A D'Agostino and Pearson normality test was used to analyze the distribution of all data sets. For two-way comparisons of data following a Gaussian distribution, independent data sets were analyzed with an unpaired two-tailed t test. For three-way comparisons, data were analyzed with a one-way ANOVA. Correlation analysis was performed by the computation of the Pearson correlation. A P value <0.05 was set as the basis for rejecting the null hypothesis. In all graphical representations, the heights of columns indicate means and error bars indicate standard error (SE).
Results
General distribution of microglia in the adult rhesus macaque primate retina
Posterior segments of three young and four middleaged rhesus macaques were examined and retinal tissue samples corresponding to three retinal loci along the center-to-periphery axis were obtained and analyzed (Fig. 1a) . Foveal retinal samples were obtained using a circular tissue punch of 3-mm-diameter centered on the foveal center; this enabled analysis of microglial distribution and morphology (1) in the foveal center within the foveal avascular zone (FAZ) and (2) in the vascularized parafoveal region (0.5-1.5 mm from the foveal center). Outer macular retinal samples were obtained using a 2-mm-diameter circular tissue punch positioned 2.5 mm from the foveal center, while peripheral retinal samples were obtained using a 2-mm-diameter circular tissue punch positioned 9-10 mm from the foveal center in the temporal quadrant. Immunohistochemical analyses of retinal sections obtained from these three retinal loci demonstrated that microglia generally appeared as Iba1-immunoreactive cells with ramified morphologies that were distributed across the retina, with their processes concentrated in the plexiform layers (Fig. 1b, c) . In the OPL, microglial processes were observed to be in close juxtaposition with the axonal termini of photoreceptors, as previously described in a study using Golgi staining techniques (Boycott and Hopkins 1981) . (1) fovea (F, 3-mm-diameter punch centered on the foveal center), (2) outer macular region (M, 2-mm-diameter punch with its center positioned 2.5 mm from the foveal center), and (3) peripheral extramacular region (P, 2-mm-diameter punch with its center positioned 9-10 mm from the foveal center). Retinal tissue in each region was subjected to histological analysis. b, c Immunohistological analyses in retinal sections from each of the three regions demonstrated the distribution of retinal microglia in separate retina lamina. c Shows high-magnification views of the insets in (b). Retinal microglia, labeled with Iba1 (green), are primarily distributed in the inner and outer plexiform layers (IPL, OPL) (nuclear layers labeled with DAPI, blue). Microglia in the OPL are juxtaposed closely with the axon termini of photoreceptor cones (labeled with cone arrestin, red; insets in c). The signals in the photoreceptor outer segments and retinal pigment epithelial cell layer arise from endogenous fluorescence. Iba1 immunopositivity in the choroid labels resident choroidal macrophages. d High-magnification view of a microglial cells in the macula demonstrating point contact between microglial processes and cone photoreceptor pedicles (arrowheads); insets show orthogonal views of microglia-pedicle contact. Scale bars 2.5 mm in (a), 200 µm in (b), 200 µm in (c), 10 µm in (d)
Distribution and morphology of retinal microglia in the foveal center
Immunohistochemical analysis of Iba1 labeling was used to evaluate the distribution and morphology of retinal microglia in the foveal center. In contrast to the dense array of microglia tiling the remainder of the retina, microglia in the foveal center were sparse, with the bottom of the foveal contour being largely devoid of microglial coverage (Fig. 2a) . This relative "microglia-free" zone also corresponds to the center of the foveal avascular zone (FAZ) (Fig. 2b) . Isolated microglial cells were found on the sides of the foveal slope in the region where centrifugally directed inner processes of the foveal cones (i.e., the Fibers of Henle) make synaptic contact with bipolar cells (inset in Fig. 2a ). These microglia showed large ramified morphologies with long axes that circumferentially encircle the foveal center, with processes distributed at the inner limit of the FAZ and the zone of initial photoreceptor-bipolar synaptic contact (Fig. 2a, b ). In the vascularized parafoveal retina (at a distance 0.5-1.5 mm from the foveal center), microglia at the level of the OPL demonstrated elongated, spindle-shaped morphologies that were aligned in a radial orientation relative to the foveal center (Fig. 2c) . The location and orientation of the microglia in this area corresponded closely to that of the cone axons of the Fibers of Henle radiating from the central fovea. Microglia in the IPL in this location were also elongated in morphology but less so than those in the OPL. These features of microglial distribution and morphology in the foveal center were similar in young and aged retinas.
Microglial distribution in the young adult macaque retina relative to retinal position along the central-to-peripheral axis
As retinal microglia represent ramified cells that tile the horizontal plane of the retina via non-overlapping dendritic arbors, the local density of microglia reflects the amount of microglial "coverage" present at a particular retinal locus. Given the functions of microglia in innate immunity (Chen and Xu 2015) and in synapse maintenance (Wang et al. 2016) , the local density of microglia may potentially relate to the amount of immune surveillance and/or trophic influence in that location. As the primate retina contains gradients in the distributions of various retinal cell types from fovea to periphery, which may relate to position-specific dispositions to retinal disease (Curcio 2001) , we were interested to examine whether and how microglial density varies across the macaque retina. We analyzed microglia density in different retinal lamina (GCL, IPL, and OPL) and compared them between three retinal locations, (1) the parafoveal region adjacent to the foveal avascular zone (hereafter referred to as the foveal region), (2) the outer macula, and (3) the periphery. Flat-mounted retinal samples were imaged with multi-plane confocal microscopy and the density of Iba1-immunopositive cells was computed for each layer and location (Fig. 3a) . We found that microglial density was generally lower in the GCL layer relative to the other layers and did not vary significantly with retinal location (Fig. 3b) . In the IPL and the OPL, microglial densities were significantly higher in the foveal region than in the macula or the peripheral retina. The general trend in the changes in microglial density with retinal position corresponded to that of cone density (Fig. 3c) (Curcio et al. 1987) ; indeed, microglia demonstrated multiple physical contacts between their processes and the ends of cone pedicles in the OPL (Fig. 3d) , suggestive of a specialized interaction between these two cell types. We also found that the local microglia density in the OPL and IPL correlated well to the local cone density across retinal locations (Fig. 3e) , indicating that the patterning of microglial distribution in the primate retina may be related to the graded distribution of retinal neurons, particularly those in the cone pathway (e.g., cone-bipolar cells).
Microglial morphology in the young adult macaque retina relative to retinal position along the central-to-peripheral axis
Microglia cells demonstrate ramified morphologies that consist of dynamically moving processes that have been hypothesized to play roles in synaptic contact, phagocytosis of pathogens and debris, and delivery of trophic and inflammatory molecules (Gomez-Nicola and Perry 2015). As such, the features of microglial morphology can be shaped by their local environment and also reflect their physiological functions that exert on nearby cells (Walker et al. 2014) . To investigate this, we examined whether microglial morphologies varied as a function of retinal position in the macaque retina. Following multi-plane confocal imaging of Iba1+ microglia in retinal flat-mounts, we performed quantitative three-dimensional morphometric analyses of individual microglial cells in the fovea, macular, and peripheral regions using Imaris, an image analysis software (Fig. 4a) . Individual cells were segmented and four morphometric measurements were quantified and compared: (1) prolate ellipticity, which provides a measure of elongation of the bounding ellipsoid surrounding the dendritic arbor of a cell, (2) number of branch points in the dendritic arbor of a single cell, (3) the total length of dendritic process of a single cell, and (4) the volume of the dendritic arbor of the cell, quantified as the volume of the convex envelope or hull containing the entire dendritic arbor. These measures reflect the geometry of the cell and the ability of the cell to interact with its environment via its processes. As described earlier, these quantitative measures demonstrated that microglia in OPL of the fovea were considerably more elongated than in the macula and periphery, where the cells were more symmetrically oriented (Fig. 4b) . Microglial dendritic arbors in the macula had significantly higher branch points (Fig. 4c) , dendritic lengths (Fig. 4d) , and volume (Fig. 4e) than those in the other two locations. In the IPL, foveal microglia were less elongated than in the OPL, but IPL macular microglia, like those in the OPL, similarly tended to have higher branch points, dendritic lengths, and Fig. 2 Morphology and distribution of microglia in the macaque foveal retina. a Confocal micrograph of a flat-mounted retina from the fovea region of a 14.7-year-old female macaque, showing the distribution of cone outer segments and the fiber layer of Henle (labeled with cone arrestin, red), juxtaposed with microglia in the foveal region (labeled with Iba1, green). While microglia are found at all retinal positions from center to periphery, they are sparse in the foveal center (marked with *). Inset shows a high-magnification view of perifoveal microglia which demonstrated large dendritic arbors that have a circumferential orientation around the foveal center. Scale bar 50 µm. b Confocal micrograph of another flat-mounted retina from the fovea of a 4.2-year-old female macaque in which the retinal vasculature had been labeled with isolectin B4 (IB4, blue). Microglia labeled with Iba1 (green) were found in a circumferential orientation on the margin of the foveal avascular zone. Scale bar 100 µm. c Low-magnification view of the microglia in the outer plexiform layer (OPL) of the foveal region, demonstrating a morphological transition from arbors with a circumferential orientation near the foveal center to those with radially oriented, spindle-shaped morphologies further away from the foveal center (inset shows a high-magnification view below) Scale bar 200 µm volume ( Supplementary Fig. 1 ), although the differences between locations were smaller than those found for OPL microglia. This data indicated that microglia in the macula had a greater potential ability to contact and interact with their environment relative to those in the periphery, where microglia were found in fewer numbers and were morphologically smaller and less complex.
Age-related changes in the distribution and morphology of microglia in the primate retina
To further understand the potential contribution of retinal microglia to age-related changes in the macula, including the increased vulnerability of the aging macula to degeneration, such as that occurring in age-related macular Fig. 3 Microglial distribution in the young adult macaque retina demonstrates regional specialization with regard to retinal position. a Confocal micrographs showing Iba1-labeled retinal microglia in each of the specified retinal regions (fovea, macula, periphery) of young adult macaques (4.2-5.5 years) at the level of the ganglion cell layer (GCL), inner plexiform layer (IPL), and outer plexiform layer (OPL). Analysis in the foveal region was conducted approximately 0.5-1.5 mm from the foveal center. Scale bar 100 µm. b Quantification of microglial density in each retinal layer with respect to retinal location. While microglia densities in the GCL were comparable across retinal regions, those in the IPL and OPL were significantly greater in the foveal region, relative to the macular and peripheral locations, indicating a higher concentration of microglia with greater proximity to the foveal center (**P < 0.0001, *P ≤ 0.005, 1-way ANOVA, n = 3-4 imaging fields analyzed per retinal location from each of three animals). c Confocal micrographs showing cone arrestin-labeled cone outer segments, showing the progression of cone densities with retinal position. Scale bar 100 µm. d Superposition of Iba1+ microglia (green) in the OPL and cone arrestin-labeled cone pedicles (red) in the macula area demonstrate close interaction between microglial processes and cone pedicles (arrows in lower panel, from inset at higher magnification). Scale bar 30 µm. e Plots of cone densities in foveal, macular, and peripheral locations vs. microglial densities in the OPL (upper panel) and in the IPL (lower panel), showing correlations between microglial density and cone density across retinal positions (Pearson r and P value computed for correlations between cone density and microglial density counted from n = 12 imaging fields in three young animals) degeneration (AMD), we examined how microglia in the primate retina demonstrated alterations with aging. We compared the densities of retinal microglia in the GCL, IPL, and OPL at each of the three retinal locations (fovea, macula, periphery) between young (4.2-5.5 years) and aged (16.8-18.2 years) macaques (Fig. 5a, b) . In the GCL, microglial densities tended to be slightly higher in the aged retina at all three retinal locations, but these differences did not reach statistical significance. In the IPL and OPL, microglial densities in the fovea and macula, but not in the peripheral retina, were significantly higher in the aged retina relative to the young retina. This increase in microglial density with age was not mirrored by an increase in cone density in the corresponding location (Fig. 5c) . However, the correlations between IPL/OPL microglial density and cone density remained present in the aged retina (Fig. 5d) .
In contrast to age-related changes in distribution, measures of microglia morphology did not demonstrate broad and significant changes as a function of age. In the OPL of the aged retina, microglial morphometric measures of ellipticity (Fig. 6a) , branch point number (Fig. 6b) , dendritic length (Fig. 6c) , and dendritic volume (Fig. 6d) demonstrated the same trends with retinal position as found in the OPL of the young retina, and did not demonstrate significant differences when compared with those in the young retina. Similar findings were also obtained in comparisons of IPL microglia in the young vs. aged retina (Supplementary Fig. 2 ).
Discussion
Recent studies in rodent model systems have uncovered new functionally significant roles for retinal microglia in: (1) the constitutive maintenance of retinal synaptic structure and function (Wang et al. 2016) , (2) the regulation of the magnitude of inflammatory responses (Wang et al. 2014) , and (3) the pathogenesis and progression of retinal diseases (Karlstetter et al. 2015) . How these findings relate to microglia in the primate retina, particularly with respect to the macula, the locus of a number of retinal diseases, is not well understood. In the early studies of microglia in the macaque retina which include those performed by Vrabec (Vrabec 1970 ) using a silver carbonate labeling technique, and by Boycott and Hopkins (Boycott and Hopkins 1981) using Golgi-impregnated retinal whole mounts, qualitative descriptions were provided of microglia as uniformly spaced ramified cells positioned in the GCL, IPL, and OPL, and whose processes extend into close proximity to synaptic structures. Subsequent immunohistochemical studies performed in the adult human retina show that microglia there demonstrate similar general morphologies and distributions as those in the macaque retina and express leukocyte antigens, such as CD45, major histocompatibility complex class II (MHC-II) (Penfold et al. 1991 (Penfold et al. , 1993 and class I (MHC-I) . However, comparative analyses of microglia in the primate retina using confocal microscopy and three-dimensional morphometry across retinal position and organismal age have not been previously been performed.
In our study, we observed that although microglia provide coverage to nearly all positions in the horizontal plane of the retina, the foveal center is interestingly devoid of significant microglial coverage, an observation also noted in previous descriptions of microglia in the human fovea (Diaz-Araya et al. 1995; Penfold et al. 1991) . Studies of Fig. 5 Microglial density increases in the aged macaque fovea and macula as a function of aging. a Representative confocal micrographs comparing microglia in the OPL between young and aged retinas in the areas of the fovea, macula, and periphery. Scale bar 100 µm. b Microglial density was measured in aged (16.8-18.2 years) Macaca mulatta primate monkeys (n = 3) in foveal, macular, and peripheral retinal locations and compared with those measures in young (4.2-5.5 years) macaques. Comparison of microglial densities in equivalent retinal locations demonstrated generally higher microglial densities in the aged vs. the young retina. Significant age-related differences were found in the IPL and OPL layers in foveal and macular locations. c Comparison of cone photoreceptor densities shows general equivalence between young vs. aged animals, with the exception of slightly lower cone density in the aged fovea (a, b *P < 0.05, oneway ANOVA, n = 12 imaging fields each in three young and three aged adult animals). d Plots of cone densities in foveal, macular, and peripheral locations vs. microglial densities in the OPL (upper panel) and in the IPL (lower panel) in aged animals show similar correlations as previously observed in young animals (Pearson r and P value computed for correlations between cone density and microglial density, n = 34 imaging fields in three aged animals) foveal ontogeny have suggested that as inner retinal cells undergo centrifugal migration during the formation of the foveal depression (Hendrickson and Yuodelis 1984) , microglia may also be concurrently displaced from this central location. This particular feature indicates that unlike the remainder of the retina, there may not be a constitutive requirement for microglia at the central fovea. The absence of synapses and retinal vasculature at this locus may exempt this locus from a need for microglia-mediated synapse maintenance and for immune surveillance of materials entering the retina from the retinal vasculature. How this absence of retinal microglia may be significant to immune function or to the emergence of retinal pathology in this locus is unclear and awaits the detailed characterization of microglia in histopathological specimens of foveal disease.
In the macaque macula, the association between the presence of microglia and the presence of retinal vasculature and synapses was clearly observed at the border of the foveal avascular zone (FAZ), which is close to the zone where the most central synapses between cones and bipolar cells are found (i.e., where the Fibers of Henle make synaptic contact). In this region, comprehensive coverage of the retina by microglia commences, and in this region, microglia were observed to encircle the edge of the FAZ and the concentric ring of initial cone-bipolar synapses, coming into close contact with retinal vessels and synapses via their processes, as described previously in earlier studies (Boycott and Hopkins 1981; West 1978) . The highest densities of microglia in the macaque retina were found in the vascularized parafoveal region (0.5-1.5 mm from the foveal center) in the OPL and IPL; in the IPL, the microglial density in the parafovea was nearly twice that in the peripheral retina. These gradients of microglial density may relate to the greater synaptic densities in the plexiform layers in the more central regions of the retina-the gradient of microglia density from center to periphery correlated well to the gradient of cone density along the same axis. In our previous work, in the mouse retina, we found Fig. 6 Measures of microglial morphologies in the OPL are unchanged with aging in the macaque retina. Mean measures of morphological features of OPL microglia were compared between young and aged retinas in terms of a ellipticity, b mean number of branch points, c mean total dendritic length, and d mean volume. Microglia in the aged OPL demonstrated the same regional specializations as did microglia in the young OPL, and young-vs-aged comparisons between matched areas did not reveal any significant differences for all parameters (*P < 0.05, one-way ANOVA, Kruskal-Wallis test, 5-10 microglia analyzed in each retinal location from each of three young and three aged animals) that synaptic degeneration and loss of synaptic transmission occurred upon microglia depletion (Wang et al. 2016) , indicating a requirement of microglia for healthy synaptic structure and function. The mechanism underlying this microglia-mediated synapse maintenance is thought to involve the local delivery of neurotrophic factors, such as brain-derived growth factor (BDNF), from microglia to synapses (Parkhurst et al. 2013) . Indeed, the dynamic movements of microglia processes have been described to facilitate repeated synaptic contact in an activity dependent manner (Tremblay et al. 2010; Wake et al. 2009 ). The greater requirement for microglia-derived trophic factors and for dynamic microglia-synapse contact in synapserich regions may, therefore, translate to a need to maintain higher microglial numbers locally. However, what factors and mechanisms set up and maintain the patterning of microglial distribution in the retina is unknown and are under current investigation in our laboratory.
In addition to microglial density, the morphology of individual microglial cells appears to demonstrate regional specialization in the macaque retina. The morphological features of microglia in the context of injury or disease have been associated with physiological processes, such as activation, migration, surveillance, or phagocytosis (Walker et al. 2014) . The functional significance of varying microglial morphology in the healthy CNS is not as clear, but multiple studies have found that changes in neuronal activity can modulate microglial morphology Nimmerjahn et al. 2005; Li et al. 2012 ). As such, microglial morphology may potentially be patterned to subserve differing physiological requirements in the different local areas of the retina. We noted that microglia in the outer macula of the macaque demonstrated the largest dendritic arbors with the highest degree of complexity. This may be a reflection of a higher physiological and neuronal activity of the macula relative to that in the periphery, requiring a higher coverage by microglial processes. The foveal region owing to space constraints may not be able to accommodate large microglial dendritic arbors and so compensates by having a larger number of microglia with smaller arbors. It is possible that the morphologic specialization of macular microglia may influence microglial responses to injury and may thus confer to the macula a different immune responsiveness that may be influential to injury outcome.
We found in this study that while microglial morphologies in each retinal locus do not change significantly with aging, the density of microglia in the fovea and macular regions, but not the peripheral region, increases as a function of age. The increase in microglia numbers with aging has been documented in a number of CNS regions (Hefendehl et al. 2014; Tremblay et al. 2012) ; in a previous study from our laboratory examining aging changes in microglia in the mouse retina , we found that increasing age was correlated with (1) increased microglial density in the IPL and OPL, (2) decreased microglial arbor size and ramification, and (3) decreased dynamic process motility on live cell imaging. In comparison, the aging primate retina demonstrated a similar increase in retinal microglia density that was significant in the macula but not in the peripheral retina. The reasons for increasing microglial density with aging is unclear; it has been hypothesized that this increase may arise from altered homeostasis of microglial numbers, from a physiological compensation for functional declines in individual aging microglia (Wong 2013) , or from intrinsic changes in microglial gene expression profiles (Ma et al. 2013 ). The observed increase in microglial density in the aging macula, together with the more activated status of senescent microglia (Norden et al. 2015) , has the potential to place the macula at a greater risk for exaggerated and dysregulated immune responses and in so doing, predispose the macula to neuroinflammatory disease, such as age-related macular degeneration (AMD) Chen and Xu 2015; Karlstetter and Langmann 2014) . We did not, however, observe statistically significant changes in the morphological parameters of microglia in the primate retina that we had previously found in the mouse retina . The reasons for these differences are unclear; they may be related to differences between microglia in different CNS compartments or to the differences in the neural environment in each case. It is possible that morphological change in microglia is a late phenomenon in microglia senescence in the primate retina which only becomes apparent at ages older than the ones studied here. In addition, as we have limited our evaluation to female animals to limit the variables in our analysis, whether these aging trends hold in male animals will be a topic for future study.
In conclusion, microglial distribution and morphology in the primate retina demonstrate significant diversity and regional specializations not observed in rodent models. These specializations, which are found in a graded fashion along the center-to-periphery axis, may be secondary to functional specializations in the macula and may also be relevant to the vulnerability of the macula to neuroinflammatory disease. The graded increase in microglial density in the macula relative to the periphery is augmented with aging, and may further increase the predilection for neuroinflammation in the aged macula. Further studies into agerelated alterations of the immune system within the primate retina have the potential to uncover pathogenic mechanisms relevant to diseases, such as AMD. 
